A plasmid (pRSE562) containing the metE and metR genes of Escherichia coli was used to study the expression of these genes and the role of the MetR protein in regulating metE expression. DNA sequence analysis of the 236-base-pair region separating these genes showed the presence of seven putative met boxes. When this plasmid was used to transform either wild-type E. coli, metE mutant, or metR mutant, MetE enzyme activity increased 5-to 7-fold over wild-type levels. The metR gene was subcloned from pRSE562, and this plasmid, pMRIII, relieved the methionine auxotrophy of a metR mutant after transformation. The metR gene was also cloned into a vector containing the APL promoter, and the MetR protein was overexpressed and purified to near homogeneity. This protein, when added to an in vitro DNAdependent protein synthesis system in which the MetE and/or MetR proteins were synthesized, caused a large increase in the expression of the metE gene but a decrease in the expression of the metR gene. The in vitro expression of both genes was inhibited by the MetJ protein and S-adenosylmethionine in the presence or absence of MetR protein. These results provide evidence that the product of the metR gene is a trans-activator of the expression of the metE gene and that the expression of the metR gene is under autogenous regulation and is repressed by the MetJ protein.
MetR proteins were synthesized, caused a large increase in the expression of the metE gene but a decrease in the expression of the metR gene. The in vitro expression of both genes was inhibited by the MetJ protein and S-adenosylmethionine in the presence or absence of MetR protein. These results provide evidence that the product of the metR gene is a trans-activator of the expression of the metE gene and that the expression of the metR gene is under autogenous regulation and is repressed by the MetJ protein.
The genes involved in the methionine biosynthetic pathway in Escherichia coli are part of a regulon (met regulon) that is controlled by the level of methionine in the medium (1, 2) . Considerable knowledge has been obtained at the molecular level on the mechanism of this regulation. Studies on the expression of several of the met genes have shown that a repressor protein, the product of the metJ gene, can bind to a specific region on the DNA (met box) that is present in all met genes thus far examined (3) (4) (5) (6) (7) . This interaction of the MetJ protein with the met operator region is markedly enhanced by the presence of S-adenosylmethionine (AdoMet), a primary metabolic product of methionine (5, 8, 9) .
The metE gene has received special attention because it is regulated by both methionine and vitamin B12 (2, (10) (11) (12) (13) (14) . This gene, which codes for 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase (5-methylhydropteroyltri-L-glutamate:L-homocysteine S-methyltransferase, non-B12 methyltransferase, EC 2.1.1.14), has been cloned and expressed both in vivo and in vitro (15) (16) (17) . In previous in vitro experiments no regulation of metE expression was observed, but a detailed study was not undertaken at that time (16) . Recently, Urbanowski et al. (17) reported the presence of another met regulatory locus (metR) in both Salmonella typhimurium and E. coli. These genetic data suggested that metR codes for a trans-activator protein for the expression of the metE gene and, to a lesser extent, the metH gene that codes for the B12-dependent methyltransferase (5-methyltetrahydrofolate:L-homocysteine S-methyltransferase, EC 2.1.1.13). These studies also showed that the metR gene was closely linked to the metEgene. The S. typhimurium metR gene has been cloned, and its nucleotide sequence has been determined (18 MATERIALS AND METHODS E. coli strain B was obtained from H. Ennis of the Roche Institute, and E. coli strain RRI/pRK248cIts was supplied by R. Crowl (Department of Molecular Genetics, Hoffmann-La Roche). E. coli strain 2276 (metE, thi) was obtained from A. L. Taylor (University of Colorado, Denver), and E. coli strain GS244 (metR, pheA905, thi) was isolated as described elsewhere (17) . E. coli strain JM108 (recAl, gyrA96, thi, hsdl7, supE44, relAl, Alac-proAB) was obtained from H. R. Kaback of the Roche Institute. AdoMet was obtained from Sigma and purified by ion-exchange chromatography on Dowex 1 HCO3 (19) . The MetJ protein was purified as described (4) . Pteroyly-glutamyl-y-glutamic acid (pteroyltriglutamate) was provided by L. Ellenbogen (Lederle Laboratories). DL-tetrahydropteroyltriglutamate was prepared by reduction of pteroyltriglutamate with NaBH4 (20) , and 14C-labeled DL-5-methyltetrahydropteroyltriglutamate was synthesized as described (21) . The N-terminal amino acid analysis was performed by M. Miedel and Y. Pan of Hoffmann-La Roche.
In Vivo Analysis of MetE Activity. E. coli strains B, 2276, and GS244 were grown at 37°C to an OD6w value between 0.5-0.7 unit in M9 salts medium (31) containing 0.4% glucose and either 3.3 x 10-5 M L-methionine (a nonrepressing concentration required for the growth of strains 2276 and GS244) or 10-2 M L-methionine (repressing concentration). The cells were harvested, broken by sonication, and centrifuged at 16 ,000 x g for 10 min. The supernatant was assayed for MetE enzyme activity, as described by Whitfield et §The sequence reported in this paper is being deposited in the EMBL/GenBank data base (accession no. J04155).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (22) . Protein concentrations were determined using the method of Lowry et al. (23) . Construction of Plasmids pRSE562, pMRIII, and pMMetR. Plasmid pRSE562 (Fig. 1 ) was constructed by digesting plasmid pJ19 (16) (which contains the metE and metR genes) with BamHI and EcoRI. A 5.6-kilobase (kb) fragment containing both genes was isolated and inserted into the BamHI and EcoRI sites of pBR322. DNA from pRSE562 was further digested with restriction enzymes Pvu I and Pvu II to yield a fragment of -3 kb that contained the metR gene, the intergenic sequence between the metR and metE genes, and -475 base pairs (bp) ofthe metE coding region. This fragment was cloned into the Ssp I and Pvu I sites of pBR322 to yield plasmid pMRIII.
Plasmid pRC25 was obtained from R. Crowl and carries a 250-bp Bgl II-Hae III DNA-fragment insert containing the bacteriophage APL promoter. This vector is identical to pRC23 (24) except for the change of an A -* C 12 bases upstream from an EcoRI restriction site located at the 3' end of the ribosome binding site; this base change creates a new Hpa I restriction site. This vector was digested sequentially with Hpa I and BamHI and purified by electrophoresis from an agarose gel. Plasmid pRSE562 was restricted with EcoRI and BamHI to liberate the 5.6-kb insert containing the metE and metR genes, and this fragment was subsequently digested with Sma I after gel isolation (16) . The resulting 3.1-kb BamHI-Sma I fragment, which carries the metR gene, was purified from an agarose gel and cloned into the modified pRC25 vector to yield pMMetR. This plasmid was used to transform E. coli strain RRI/pRK248cIts. pRK248cIts is a low-copy-number plasmid that contains a gene encoding a temperature-sensitive (42°C) AcIAt2 repressor (24) .
Plasmid DNA was purified from cleared lysates by two successive cesium chloride/ethidium bromide equilibrium centrifugations and was used to transform E. coli strains B, 2276, and GS244. DNA sequencing was carried out by the procedures of Maxam and Gilbert (25), Sanger (26) , and Chen and Seeburg (27) .
Growth of E. coli RRI/pMMetR. Six liters of E. coli strain RRI/pRK248cIts that had been transformed with plasmid pMMetR were grown at 30°C in LB broth. This culture was then used to inoculate 200 liters of LB medium, and the cells were grown at 30°C with vigorous aeration (L. Bowski, Fermentation Unit, Hoffmann-La Roche). When the culture reached midlogarithmic stage ofgrowth, the temperature was raised to 42°C. After 2 hr at this temperature, the cells (-1 kg) were recovered by centrifugation and frozen at -70°C. (Fig. 2) . The metE and metR genes are transcribed in opposite directions with 236 bases separating the translation initiator codons (underlined). This sequence differs from that reported for S. typhimurium, where 248 bases separate the two coding regions (18) . The first four amino acids of the MetE protein from E. coli and S. typhimurium are identical (18, 29) , and the present results show that 16 of the first 18 amino acids of the MetR protein in both organisms are also identical (18) . Seven potential regulatory met boxes (3) (4) (5) (6) (7) (that contain at least 50% identity with the met box consensus sequence, 5'-AGACGTCT-3') are overlined in the sequence shown in Fig.  2 . Three such 8-base regions are located in tandem about 50 bases upstream of the metE coding sequence, and 4 other contiguous 8-base regions are present about 60 bases upstream of the metR coding region. In addition, an area of dyad symmetry similar to that found in S. typhimurium (18) is present in the E. coli metE-metR intergenic region (Fig. 2) . gene) were transformed into wild-type, metE mutant, and metR mutant strains of E. coli, and the non-Bl2 methyltransferase (MetE protein) activity in these cells was determined ( Table 1) . Transformation of the three strains of bacteria with plasmid pRSE562 caused a 5-to 7-fold increase in MetE activity compared to wild-type E. coli B. Note that both E. coli 2276 and E. coli GS244 are phenotypically methionine auxotrophs-evident by the lack of basal MetE activity in both organisms (Table 1) . As expected, after transformation with pRSE562 both mutants grew in the absence of methionine (data not shown). As also shown in Table 1 , when methionine (10-2 M) was added to the growth medium, >90%o repression of metE expression was seen in wild-type nontransformed E. coli, but only a partial repression was seen in all three strains transformed with pRSE562 in which MetE is overexpressed.
When pMRIII was used to transform E. coli B, there was a small increase in MetE activity as compared with wild type and a 64% repression by methionine. No MetE activity occurred in E. coli 2276 transformed with this plasmid, and this transformant did not not grow in the absence of methionine. This finding confirms that this organism is a metE and not a metR mutant. When GS244 was transformed with pMRIII, wild-type MetE levels were restored, and the organism could grow in the absence of methionine. In addition, 10-2 M methionine repressed MetE activity by 83% in this transformant.
PAGE analysis of the extracts used in Table 1 agreed with the observed changes in MetE enzyme activity. For example, although a band corresponding to MetE was seen in extracts of wild-type E. coli B grown in low methionine, this band was absent in extracts of wild-type cells grown in high methionine or extracts from GS244 strain. However, a prominent MetE band could be seen in extracts of GS244 that had been transformed with either plasmid pRSE562 or pMRIII (data not shown). These results together with those shown in Table  1 indicate that the changes in MetE activity seen after transformation correlate with increased de novo synthesis of the MetE protein.
These in vivo results confirm previous studies (17) and are consistent with the view that the metR gene product is a transactivator for metE expression. As Fig. 4, lanes 1-4 , summarizes the results with the plasmid containing metE and metR genes; this plasmid directs the synthesis of the MetR protein, whereas there is poor synthesis of the MetE protein (lane 1). Expression of both genes is inhibited when the MetJ protein and AdoMet are added to the incubations (lane 2). The availability of purified MetR protein (see above) now made it possible to test its effect on metE gene expression. 
DISCUSSION
Present results confirm previous studies on the presence of an additional met regulatory locus, metR (17, 29, 30) and provide direct evidence that purified MetR protein can stimulate synthesis of the MetE protein in an in vitro protein synthesis system. As in S. typhimurium the metR gene in E. coli is closely linked to the metE gene. The intergenic space is 236 bases in E. coli compared with 248 bases in S. typhimurium. A minor difference in the E. coli sequence is the presence of a Sma I site that is missing in S. typhimurium. The metR and metE genes are transcribed in opposite directions, and the gene products are similar in size in both organisms. Seven potential met boxes (3-7) that could be sites for repression by the MetJ protein are present in the E. coli metE-metR intergenic region.
Regulation of the synthesis of the MetE protein is thought to be mediated by the MetR protein that acts as a transactivator for metE expression (17) . This was first demonstrated in an E. coli mutant lacking MetE activity. The methionine requirement for growth was relieved when the cells were transformed with a plasmid containing the metR gene (17) , and the transformant possessed MetE activity. It was also found that when these cells were grown in the presence of 4 x 10-4 M methionine, the synthesis of both MetE-Lac and MetR-Lac fusion proteins was repressed and that this repression depended upon the presence of the MetJ protein (17, 30) . Our in vivo results on MetE activity after transformation of wild-type and metE and metR mutant E. coli strains with plasmids containing both metE and metR genes corroborate these earlier studies (17) , although some differences were seen. As example, although transformation of all three strains with the plasmid containing the metR and metE genes resulted in a large increase in MetE activity (as compared to wild-type cells) only partial repression of MetE activity occurred in the presence of methionine. Perhaps the incomplete repression by methionine in cells producing large amounts of MetE protein was due to limiting amounts of the MetJ repressor protein or of another unknown protein required for MetJ and AdoMet activity.
Gel analysis showed no overproduction of the MetR protein from any of these plasmids with the exception of a high-expression vector in which the metR gene was under control of the APL promoter (see Fig. 3 ). This fact suggests that autoregulation of the synthesis of the MetR protein may occur when the metR gene is expressed from its own promoter, as indicated in a previous study (30) and in the in vitro experiments described here.
Although the previous genetic experiments, as well as the in vivo results described in the present work, indicated that the metR gene codes for a positive effector of metE expression, direct evidence was lacking. To prove this relationship, we isolated the MetR protein and demonstrated an effect of the purified protein on metE gene expression in vitro. Although the high-expression vector we used, in which MetR synthesis was directed by the APL promoter, overproduced the MetR protein in vivo, our initial attempts to purify an active protein were unsuccessful. In these early small-scale experiments practically all the MetR protein was insoluble and appeared to be in inclusion bodies. Although the protein could be solubilized with urea, the protein was not active in our in vitro protein synthesis system. However, when cells were grown on a larger scale (see Materials and Methods), a significant portion of the synthesized MetR protein remained (Fig. 2) . In this regard the in vivo expression of the metE gene from a plasmid that contains the metE coding region and only 73 bases upstream of the initiation codon was repressed by methionine in a metR strain (data not shown).
Although synthesis of the MetE protein is greatly stimulated by the MetR protein, in vitro synthesis of the MetE protein, relative to the MetR protein, still appears low (Fig.  4) . As noted above, the MetE protein accounts for as much as 5% of the soluble E. coli protein (22) . Preliminary data indicate that there may be a specific inhibitor of metE gene expression in the S-30 extracts because expression of the metE gene was increased when the S-30 extract was replaced with a partially defined protein synthesis system (data not shown). Further in vitro studies are required to elucidate details of the molecular mechanism by which the MetR protein regulates expression of metE gene.
